Abstract Myosin filaments in muscle, carrying the ATPase myosin heads that interact with actin filaments to produce force and movement, come in multiple varieties depending on species and functional need, but most are based on a common structural theme. The now successful journeys to solve the ultrastructures of many of these myosin filaments, at least at modest resolution, have not been without their false starts and erroneous sidetracks, but the picture now emerging is of both diversity in the rotational symmetries of different filaments and a degree of commonality in the way the myosin heads are organised in resting muscle. Some of the remaining differences may be associated with how the muscle is regulated. Several proteins in cardiac muscle myosin filaments can carry mutations associated with heart disease, so the elucidation of myosin filament structure to understand the effects of these mutations has a clear and topical clinical relevance.
Introduction
The present day ideas about how muscle works were based on two fundamentally important papers from the 1950s (Huxley and Hanson 1953; Huxley and Niedergerke 1953) which showed that the changing length of the fundamental building block of muscle, the sarcomere ( Fig. 1 ), is associated with the sliding of relatively inextensible filaments, the myosin and actin filaments. This so-called 'sliding filament model' of muscle contraction is the framework on which all subsequent ideas about muscle contraction have been based.
In order to understand how a particular muscle works, it is necessary to know the structures of the actin, myosin and other filaments and assemblies in the muscle; here, we concentrate on the structures of myosin filaments. The myosin filaments carry projections which interact with the adjacent actin filaments to produce muscular force and movement. Myosin filaments have been shown to occur in different forms in different muscle types, but they are all variations on a common theme. In this short review, the structures and symmetries of different myosin filament types are briefly described. Since other reviews of the field have been written recently (e.g. Barral and Epstein 1999; Squire et al. 2005; Craig and Woodhead 2006) , the present review approaches the topic slightly differently in that it attempts to provide an overview of the fundamentally important conceptual and technical advances that have taken the field forward since 1953.
The early years-bipolar myosin filaments-two heads are better than one
In his early pioneering work on muscle myosin filaments with the electron microscope and the application of negative staining to isolated biological particles, Huxley (1963) defined the underlying packing scheme for bipolar myosin filaments. Myosin molecules, about 150 nm long, had been seen to consist of a long narrow rod on one end of which was a 10-to 15-nm globular domain (Fig. 2b, c) . Images of myosin filaments from vertebrate striated . The actin filaments run through the I-band from the Z-line and into the A-band where they interdigitate with the myosin filaments. The actin filaments end at the edge if the H-zone. b Schematic diagram of the overlapping myosin (m) and actin (a) filaments. The protein titin (t; blue) runs from the M-band (Mb) along the myosin filaments and then across the I-band to the Z-line (Z). C-protein (MyBP-C) forms a set of stripes in the two halves of the A-band at the positions marked C (orange stripes). C-protein binds to the myosin filament backbone and in some conditions extends out to bind to actin. Squire et al. (2005) Fig. 2 a Electron micrographs of isolated myosin filaments from bony fish muscle, adapted from AL- Khayat et al. (2008) . The M-band is centrally located (asterisk) and some of the 43 nm crown repeats are indicated by arrowheads. The single arrow on the right indicates socalled end filaments which are part of the titin assembly at the tip of the myosin filaments (Trinick 1981) . b Schematic diagram showing how myosin molecules pack together to give bipolar myosin filaments. Each myosin molecule is represented as a black line with a blue globular region on one end. Each blue oval represents the myosin head pair of one molecule. Rod packing is antiparallel in the middle of the filaments and parallel at each end. The parallel packing continues for very many crowns on each side of the central bare zone (the head-free region). Myosin molecules in one half of the filament have opposite polarity to those in the other half. This compares with the different packing scheme in (c) for the face polar myosin filaments in vertebrate smooth muscle. Here, the packing is antiparallel throughout and the molecules on opposite faces of the filaments point in opposite directions muscles showed them to be about 1.6 µm long with a bare central region called the bare zone and outer ends apparently covered in projecting masses (Fig. 2a) . Huxley therefore proposed that the rods of the myosin molecules were packed in an antiparallel fashion in the middle of the filament (the bare zone on isolated filaments or the Mregion in muscle; Figs. 1 and 2b) and that additional myosin molecules would then grow the filament outwards from the middle using parallel interactions (Fig. 2a, b) . This scheme has not been faulted and appears to apply to most (not all) myosin filament types whatever their origin and size.
Further studies of myosin molecules showed them to consist of parallel, two-chain, coiled-coil, α-helical rods with globular domains on the ends of each rod (see Squire 1986b, Ch. 4; Sellers 2000) . These two globular domains, originally seen as one mass by Huxley, are now known to carry the enzymatic active site of the protein; they are ATPases which interact with and are activated by actin filaments in the muscle sarcomere (Fig. 1) . Each globular domain is termed a myosin head, the structure of which has been determined by protein crystallography (Rayment et al. 1993a, b; Fig. 3a) . The main part of the head, often termed the motor domain, consists of a globular domain with an actin-binding face and housing the ATP binding site. The rest of the head is a narrower neck region linking back to the myosin rod. The motor domain, the central α-helical part of the neck region and one half of the myosin rod are formed by a single 'heavy' chain of myosin. In addition, in muscle, the neck region of the head carries two light chains, the essential light chain and the regulatory light chain (Fig. 3a) . Muscle myosin is part of a diverse superfamily; it is Myosin II. Some non-muscle myosins carry many more light chains (Sellers 2000; Kendrick-Jones et al. 2009 ) and Rayment et al. (1993a, b) , showing the key components of the head; the motor domain shown in green on the right, the continuation of the heavy chain in red going back to link to the myosin rod, and the two light chains, the essential light chain (blue) and the regulatory light chain (green left). b Stereo pair of a head coupling scheme similar to the Wendt et al. (2001) structure for vertebrate smooth muscle HMM. The motor domain (md) of the inner head (right) binds to the junction between the essential light chain and the back of the motor domain of the outer head. S2 is part of subfragment 2 of the rod part of the myosin molecule. The whole of S2 together with two heads is known as heavy meromyosin (HMM) have very long lever arms, but many do not form filaments, so they will not be mentioned further here.
Early ideas about how muscle force and movement are produced, especially before the myosin head structure was determined, suggested that once bound to an actin filament in an active muscle the myosin heads might change their tilt or structure on actin thus moving the actin filament past the myosin filament (e.g. Reedy et al. 1965; Huxley 1969; Lymn and Taylor 1971) . With the availability of different crystal structures of the head showing the neck domain in different configurations on the motor domain (e.g. Rayment et al. 1993a, b; Dominguez et al. 1998; Houdusse et al. 2000) , this story developed to the idea that the motor domains would interact relatively rigidly with actin and that the movement would be produced by the neck regions of the myosin heads swinging on the motor domains. In this scenario, the neck would act as a kind of lever moving the actin filament past the myosin filament so it came to be known as the lever arm of the myosin head.
Detailed knowledge of myosin filament structure will show how the myosin filaments are assembled, what their important components are, how the myosin heads are organised in resting muscle and how the heads need to move in order to generate force. It might also shed light on the mechanisms of regulation in different muscles. There are four main structural aspects to this understanding of myosin filaments. The first is to know the lattice arrangement of the heads on the filament surface. The second is to define the configuration of each myosin head pair in space on each of these lattice points. The third is to discover how the myosin rods are packed in the myosin filament backbone to produce the observed surface lattices. The fourth is to discover how the non-myosin parts of the filament are organised; for example, titin and C-protein in vertebrate striated muscle filaments. Here, we consider the first two aspects in some detail and briefly discuss backbone packing and non-myosin proteins.
Development: repeats and early models for two striated muscle myosin filaments
X-ray diffraction
The first ideas about the myosin head surface lattices on myosin filaments came from Huxley again (Huxley and Brown 1967 ) studying frog muscle structure by X-ray diffraction. The proposed structure is illustrated in Fig. 4b ; it can be described as a 2-start helix with the heads of two myosin molecules diametrically opposed across the myosin filament (i.e. 180°apart around the filament surface) at the same axial level; a so-called crown of heads. The term 2-start describes the number of parallel co-axial helices that can be drawn through the surface array of myosin heads (see Fig. 4 ). In frog muscle myosin filaments, the next crown was proposed to be about 14.3 nm along the myosin filaments, but rotated around the filament axis by 60°. The kind of illustration in Fig. 4b is known as a radial or helical net. One can imagine it being produced by wrapping a piece of paper around the myosin filament to produce a cylinder and marking on it where each of the myosin head pairs is located. When the paper is opened out again the helical net is seen. The left hand and right hand edges are the same position on the filament; this is the seam where the cylinder would join. Tilted straight lines on the helical net represent separate helical strands on the filament. In the case of frog muscle, the head pairs 180°apart on the first crown and subsequent rotation of crowns by 60°makes the fourth crown the same as the first one (Fig. 4b ). There is therefore an axial repeat of 3×14.3 nm ∼ 43 nm. Helical structures are often described in terms of the number of repeating units (in this case myosin head pairs) in one pitch of the helix on which they lie. The pitch is the axial movement in one turn of the helical strand when the strand has rotated around the filament axis by 360°. The model of Huxley and Brown (1967) has six head pairs in one turn of the helix and there are two helical strands, so this is therefore a 2-start or 2-stranded, 6/1 or 6 1 helix. Molecular packing models for such a 2-stranded structure were suggested by Pepe (1975) .
Electron microscopy
The next filament type to be studied and for which a symmetry model was proposed was based on using electron microscopy of sections of the beautifully ordered flight muscles of the insect Lethocerus (the giant water bug). This Fig. 4 The early published ideas about the arrangements of myosin heads on myosin filaments in a vertebrate smooth muscle (Small and Squire 1972) , b frog sartorius muscle (Huxley and Brown 1967) and c insect (Lethocerus) flight muscle (Reedy 1968) . The marked differences in the way that the myosin molecules would have to pack to make these structures prompted Squire (1971) to propose an alternative set of structures for (b) and (c) pioneering study by Reedy (1968) also gave the insect muscle myosin filaments a 2-stranded helical structure, once again with an axial crown repeat of around 14.5 nm, now found to be a fundamental spacing in all myosin filaments. However, in this case the long repeat of the multistrand helix (the axial repeat) was found to be after 8 crowns, giving the filament an axial repeat of 8× 14.5 nm ∼ 116 nm. By 1968, then, there were two bipolar myosin filament models, both 2-stranded, both with a crown spacing of 14.3-14.5 nm, but with different axial repeats. Note that, since the myosin rods are very much longer than the crown repeat, a cross-section of a myosin filament at a single crown, where there might be just a few (here two) head pairs in the crown, will have many more myosin rods in the backbone with the heads on different rods appearing at different crown levels along the filament.
The next type of filament to have its symmetry modelled was from a completely different myosin filament type, namely from vertebrate smooth muscle. Rather than having the myosin heads pointing in opposite directions in the two halves of a myosin filament as in bipolar filaments ( Fig. 2b ), in this case what was found was heads pointing in opposite directions on opposite faces of a rather flat ribbon-shaped structure (Fig. 2c) ; the myosin ribbon structure was said to be face polar (Small and Squire 1972) . The original study was under rather non-physiological conditions and gave rise to myosin ribbons of constant thickness but variable width as though the myosin molecules could assemble against the filament edges to make a wider ribbon. Later studies suggested that under normal conditions vertebrate muscle myosin filaments were still face polar but were rather narrower than seen by Small and Squire. Craig and Megerman (1977) also showed that such filaments could be produced synthetically. They termed their filaments sidepolar, but the meaning and the symmetry is the same as the ribbons and the original name seems preferable since the myosin heads still emanate from the faces of the filaments where they will have a defined lateral packing arrangement and the sides of the filament are bare.
The Small and Squire study used electron microscopy of sections and in these sections some of the face polar myosin filaments could be viewed face on. Even though unusually wide, the ribbons are still perfectly good aggregates of myosin. Because of their width one could extract from these views preliminary evidence about the lattice of myosin heads. What was deduced at the time is shown in Fig. 4a . Once again there is a 14.4-nm axial spacing in the surface lattice, something that was very clear in the face views, but this time the lateral separations of adjacent heads, not so easy to determine, only appeared to be about 10-12 nm. Although it was hard to define, the axial repeat appeared to be 5×14.4 nm ∼ 72 nm.
This result led to a puzzle. Since the myosin molecules in all of these muscles, vertebrate striated, insect flight and vertebrate smooth, appeared to be similar, why would they pack so differently in different myosin filaments? The lateral separation of heads in vertebrate smooth muscle face polar ribbons appeared to be about 10-12 nm, in the 2-stranded Huxley and Brown model for a frog muscle filament of around 7 nm radius the equivalent separation would be about 22 nm and for the insect flight muscle myosin filaments of radius about 8-10 nm, it would be around 25-31 nm. Could similar myosin molecules pack in such different ways?
2-strands are not enough. Is there a common theme?
It was this dichotomy which led Squire (1971 Squire ( , 1972 to propose some different models for myosin filaments. These new models were based on the suggestion that the surface packing arrangements for all myosin filaments are probably very similar. Based on this, the frog muscle myosin filaments might be 3-stranded or 4-stranded and the insect flight muscle myosin filaments might be up to 6-stranded. All these structures would have the same crown repeat of around 14.3-14.5 nm, but they would have different helical pitches for the strands to keep the frog muscle axial repeat at 43 nm and the insect flight muscle axial repeat at 115 nm. After this suggestion, there was considerable activity over an extended period trying to decide what the true symmetries are.
The main problem in trying to study vertebrate striated muscle myosin filaments by electron microscopy was that it was very difficult to preserve the order in the myosin heads known to be present from X-ray diffraction studies of intact muscle. Although the rotational symmetry of these myosin filaments could be seen clearly and unambiguously in muscle sections to be 3-fold (Luther et al. 1981) , as was also inferred from X-ray diffraction studies (Squire 1981) , it was Kensler and Stewart (1983) who were the first to preserve these filaments well enough to see the ordered 3-stranded myosin head array in electron micrographs (e.g. Fig. 2a) . By contrast, myosin filaments in some invertebrate muscles were relatively easy to obtain with the myosin heads still ordered (see below), and these were found to have different rotational symmetries.
To summarise the work of many authors, in the end it was shown by electron microscopy and X-ray diffraction that vertebrate striated muscle myosin filaments have 3-strands of heads (i.e. the filament has 3-fold symmetry around its long axis; Luther et al. 1981; Kensler and Stewart 1983 ) and insect flight muscle myosin filaments have 4-strands (4-fold symmetry; Wray 1979a; Reedy et al. 1981; Morris et al. 1991) . The symmetries of other invertebrate myosin filament types have also been determined, of particular note being Limulus telson muscle and tarantula leg muscle myosin filaments which are both 4-stranded (Wray et al. 1974; Stewart et al. 1981 Stewart et al. , 1985 Crowther et al. 1985) and the filaments of scallop striated adductor muscle which are 7-stranded (Vibert and Craig 1983; Craig et al. 1991) . All these filaments have the characteristic 14.3-14.5 nm myosin crown spacing, but they have varying axial repeats. Their characteristics are summarised in Table 1 . Figure 5 shows helical nets of the known myosin filament lattices for bipolar myosin filaments adjusted for their diameters. The similarities between the basic cells in each of these surface lattices are evident; myosin molecules certainly do appear to like to pack in a particular way. The slight variation in tilt angle of the helical strands between species generates the variable long repeat that has been seen.
Note that all the invertebrate muscle myosin filaments contain the protein paramyosin (Kantha et al. 1990) , which is like the rod part of the myosin molecule without the two heads. The presence of paramyosin appears to enable the building of large diameter filaments with higher rotational symmetry (4-fold or greater) than in vertebrate striated muscle filaments where paramyosin is absent. The paramyosin forms a core which fills part or all of the hollow centre of these larger diameter filaments. The very large myosin-containing filaments in molluscan smooth muscles have a variable diameter and are largely made of paramyosin with a narrow 'crust' of myosin on the surface (Squire 1971; Bennett and Elliott 1984) .
Helical Reconstruction and X-ray Diffraction Modelling
In the early 1970s, the ability to determine filamentous structures from electron micrographs was greatly enhanced by the introduction of the new technique of helical reconstruction (Moore et al. 1970 ). Originally applied to actin filament structure, the new method was soon applied to images of isolated myosin filaments, particularly those from invertebrate muscles where the myosin head arrays appeared to be perfectly helical and were relatively easily preserved. One of the problems in analysing the myosin filaments from vertebrate striated muscles, apart from the difficulty of preserving the head array, is that the helix is not quite as in Fig. 5b since there is a regular perturbation from this structure, as pointed out by Huxley and Brown (1967) and indicated in one repeat of the figure by yellow circles. This means that in relaxed muscle the head arrangements on the three crowns in one 43-nm repeat are not quite the same. The implications of this perturbed structure will be discussed later.
Going back to the perfectly helical invertebrate filaments, 3-dimensional reconstruction was applied to electron micrograph images of negatively-stained filaments from tarantula muscle (Crowther et al. 1985) , Limulus telson muscle (Stewart et al. 1985) , insect flight muscle (Morris et al. 1991 ) and scallop striated adductor muscle (Vibert 1992) , all in the relaxed state. These not only helped to confirm the rotational symmetries of the filaments, as summarised earlier, but they also gave the first indications of the resting myosin head configurations on the filament surface. For the latest structures and other earlier references, see Zhao et al. (2009) 
Ideas about head conformations in resting muscle
In considering how the myosin heads might be organised on the filament surface, Squire et al. (2005) chose to conceptualise the possible configurations as in Fig. 6 . Here, if the helical structures are stabilised by head to head interactions in resting muscle, then the two heads of one myosin molecule might interact with each other in a parallel fashion (Class I), they might separate laterally and interact with a head from an adjacent molecule in the same crown (Class II), or the two heads might separate and interact up and down the filament with head interactions between successive crowns (Class III). Note that if the heads were not stabilising each other in some way in resting muscle as in one of these three classes, it is questionable whether regularly organised relaxed myosin head structures Helical reconstructions from several invertebrate myosin filaments in negatively-stained images, usually achieving a resolution usually in the range of 5-7 nm, always seemed to show a helical ridge of mass running along one of the longpitched helices on the different filament surfaces as indicated by yellow dashed lines in Fig. 5 ; for many years, it was thought that invertebrate myosin molecules interact with heads above and below their own crown as in the Class III structure of Fig. 6c (Crowther et al. 1985; Stewart et al. 1985; Vibert 1992; Offer et al. 2000) . The only exception to this for the invertebrates was insect flight muscle where the myosin head mass appeared to be restricted to axially narrow shelves around the filament backbone on each crown (Reedy 1968; Reedy and Garrett 1977; Clarke et al. 1986; Morris et al. 1991) . Helical reconstruction in this case suggested a Class II structure. Modelling of IFM filaments by X-ray diffraction later appeared to support this type of model (AL-Khayat et al. 2003) .
The problem with myosin filaments from vertebrate striated muscle came from the presence of the perturbation in the myosin head array. This perturbation precluded the use of helical reconstruction, which presumed that every crown was the same, except as a means of generating an 'average' crown structure (e.g. Eakins et al. 2002) . The perturbation problem was tackled initially by an ingenious but complicated procedure of separating various Bessel order contributions on different parts of the diffraction pattern (different myosin layer-lines in computed Fourier transforms from tilt series of myosin filaments; see Stewart and Kensler 1986) . In this way, the full 43-nm repeat could be reconstructed instead of the structure being averaged onto a 14.3-nm-spaced crown. This same problem was then approached using the rich low-angle X-ray diffraction patterns from bony fish muscle which, with a novel computer program called MOVIE, were modelled with a Class I head arrangement for vertebrate striated muscle filaments to a nominal resolution of about 7 nm, but an effective positional sensitivity of about 1 nm since the known very high resolution myosin head crystal structure was being used (Hudson et al. 1997; . This showed slightly different structures on the three crowns of the 43-nm repeat, with two crowns similar but different from the third. Fig. 6 The three Classes of head coupling described by Squire et al. (2005) . Invertebrate myosin filaments were originally thought to be Class III, with heads interacting between adjacent crowns along the long-pitched helices shown in the helical nets in Fig. 4 . Now, they have been shown to be Class I structures (e.g. Woodhead et al. 2005 ; heads within the same myosin molecule interacting). The Class II structure with heads from two different myosin molecules interacting around a single crown has been proposed for insect flight muscle myosin filaments (Lethocerus; AL-Khayat et al. 2003 ). An unlikely fourth possibility is that the heads do not interact with each other at all (Class IV) Fig. 5 The accepted symmetries for the myosin filaments in a vertebrate striated muscle, b tarantula and Limulus myosin filaments, c insect flight muscle (Lethocerus) and d scallop striated adductor muscle. These structures all have the myosin head pairs grouped in very similar surface arrays; a common axial repeat of about 14.3-14.5 nm and a common lateral spacing of around 10-15 nm). The slightly different tilt angles of the helical strands give rise to the different observed long repeats. The yellow dashed lines in (b) and (d) indicate the longpitched helices along which the Class III head interactions (Fig. 6) were originally thought to occur
Single particle analysis, filaments in ice and everything Tete-a-tete
The real breakthrough in defining the positions of myosin heads on myosin filaments came with two novel approaches. The first was the technique of single particle analysis applied to isolated negatively-stained periodic but non-helical filaments. The idea here is that if there are many different images available of identical particles viewed in different directions, then their 3D structure can be determined, providing there is enough computer power available which was not true in earlier years. However, the conventional single particle approach of van Heel et al. (1996 van Heel et al. ( , 2000 , until then applied successfully to spherical particles like viruses or globular objects like ribosomes which could be assumed to lie in all possible orientations on an electron microscope grid, had to be modified for elongated particles like myosin and actin filaments which lie parallel with the grid surface and thus only show rotations about one major axis. The application of single particle analysis is still advantageous over helical reconstruction even with helical filaments; isolated filaments can show slight deviations from being truly straight and there may also be very slight variations in pitch. The resolution in helical reconstructions of such filaments will be compromised by these irregularities, whereas with single particle analysis chopping the filament images into short segments and then independently aligning these segments reduces the effects of disorder. Egelman (2000) generated a successful single particle method for reconstructing helical filaments. However, both vertebrate striated muscle myosin filaments and actin filaments with troponin are periodic but non-helical structures. A single particle method for solving such non-helical periodic filaments was evaluated by Paul et al. (2004) and successfully applied to 3D reconstructions of negatively-stained vertebrate striated muscle myosin filaments (AL-Khayat et al. 2004 .
The second novel approach as far as myosin filaments are concerned, which was also in itself a 'great leap forward', was to preserve them in ice and study them frozen-hydrated in the electron microscope thus producing very much higher resolution than possible with negative stain. This approach had been tried for several years (Menetret et al. 1990; Vibert 1992) , but initially little new information was forthcoming. However, the remarkable result of viewing tarantula muscle filaments in ice and also applying single particle analysis to the micrographs (Woodhead et al. 2005) was to generate a reconstruction with unprecedented resolution (about 2.5 nm) which, for the first time, clearly separated the positions of the two heads in each myosin molecule and even revealed some of the path of the rod part of myosin close to the heads (Fig. 7b) . It was then found that the two heads were in close contact with each other, forming a head couplet in which the motor domain of one head could be seen to interact with the motor/ lever arm junction of the second head of the same molecule (Fig. 3b) . Remarkably this pairing was very similar indeed to what had been seen by Wendt et al. (2001) in reconstructions from 2D crystals of part of the vertebrate smooth muscle myosin molecule, namely the part consisting of two heads and about one-third of the myosin rod and known as heavy meromyosin (HMM; Fig. 3b ). Later, single particle reconstructions from the 4-stranded Limulus myosin filaments in ice (Zhao et al. 2009) showed that the head pairs in this case also adopted the Wendt et al. couplet scheme, while at lower resolution the 7-stranded scallop myosin filaments in negative stain appeared to be consistent with this (AL-Khayat et al. 2009 ). At the time of writing, the higher resolution cryo-EM reconstruction of scallop thick filaments has yet to be fully published (Zhao et al. 2007 ).
The Wendt et al. head coupling scheme is a Class I interaction scheme which seems to be a common head interaction mode in the off state of many of the invertebrate myosin filaments as has also been demonstrated by studies of isolated myosin molecules (Jung et al. 2008a, b) . Many invertebrate muscles are myosin regulated by phosphorylation of the regulatory light chain (Sweeney et al. 1993) . It has been suggested that the Class I head interaction in invertebrates may be a feature of myosin-regulated muscles (Alamo et al. 2008) . The exception to the Class I structure for invertebrates so far has been the filaments of insect flight muscle where the structure still appears to be Class II (Morris et al. 1991; AL-Khayat et al. 2003) , but which also appears to involve an interaction between the motor domain of one head and somewhere on the motor/neck junction of the other head.
Vertebrate striated muscle myosin filaments -do they conform?
What about the heads on vertebrate striated muscle thick filaments? Do they do something different? The answer to this appears to be yes and no. Recent reconstructions of filaments from bony fish muscle , from rat heart muscle (Zoghbi et al. 2008) and from rabbit heart muscle (AL-Khayat et al. 2008) , none of them yet using frozen-hydrated preparations which have proved troublesome with this filament type, seem to be most consistent with the idea that something like the Wendt et al. (2001) head coupling occurs on two crowns out of the three in the 43-nm repeat, but that the third crown shows something different. This had also been suggested by Xray diffraction analysis . One reason why these vertebrate filaments might be different is that, as well as myosin, they contain part of the giant protein titin (connectin) which probably runs axially along the filament surface from the M-band (at the middle of the bare zone in the muscle A-band) to the myosin filament tips and beyond to the Z-line (see reviews in Tskhovrebova and Trinick 2003; Granzier and Labeit 2005) . Some preliminary surface images of titin on the thick filament have been seen by Cantino et al. (2002) and Zoghbi et al. (2008) .
Vertebrate striated muscle myosin filaments also contain the protein C-protein or myosin binding protein C (MyBP-C) which occurs on 7-9 stripes evenly spaced at 43-nm intervals in the so-called C-zone roughly centrally placed in each half of the myosin filaments (Offer et al. 1973; Sjostrom and Squire 1977; Bennett et al. 1986; Luther et al. 2008) . It may be the specific titin sequence which helps to locate C-protein in the C-zone on the 43-nm repeat and not on every crown. showed that the presence of C-protein probably helps to create the perturbation in the crossbridge array and that this perturbation seems to be most obvious on one crown on which the heads swing away laterally from their ideal sites on the underlying helix, thus giving the myosin filaments an intrinsic 6-foldness about them in projection down the filament axis rather than the 9-foldness expected from the underlying 3-stranded 9/1 helix of head pairs. The effect on myosin filament structure of the absence of C-protein was reported by Zoghbi et al. (2008) , Luther et al. (2008) and Kensler and Harris (2008) . According to them and AL- Khayat et al. (2008) , in addition to any other role, the presence of C-protein seems to alter the tilts and slews of heads on different crowns on their underlying perfectly helical lattice sites to produce the perturbation in such a way that the myosin filament head configurations are tailored to fit into the hexagonal array of actin filaments. The absence of C-protein reduces the perturbation and makes the myosin head array more helical (Kensler and Harris 2008; Zoghbi et al. 2008) . Interestingly, C-protein may also interact with actin filaments (e.g. Kulikovskaya et al. 2003; Kunst et al. 2000; Squire et al. 2003; Whitten et al. 2008; Shaffer et al. 2009 ). Its role in muscle may not be just structural, C-protein may also make a functional contribution in its effects on the acto-myosin ATPase cycle (Winegrad 2003) . C-protein, as well as myosin itself, is also known to occur with many mutations that can give rise to cardiomyopathies (Flashman et al. 2004; Govada et al. Fig. 7 Recent images of myosin filament models from a vertebrate striated muscle determined by modelling the low-angle X-ray diffraction pattern from bony fish muscle and shown in stereo (AL-Khayat and Squire 2006) with the backbone shown as a molecular crystal structure (Squire 1973; Chew and Squire 1995) , and b tarantula muscle determined by single particle analysis of filaments viewed frozenhydrated (Woodhead et al. 2005 ; the image is inverted from the original to make it consistent with all other figures in the review (M-band towards the bottom). In both cases, the heads are mostly in the Wendtlike pairing in which the two heads of one molecule interact in a parallel fashion (Class 1 in Fig. 6 ). The exception is the crown in vertebrate striated muscle filaments at the dotted lines in (a) which appears very different 2008; Ababou et al. 2008 , and references in these papers), so its study is a hot topic at the present time.
Since the Class I head coupling may occur on two out of three crowns in vertebrate striated muscle thick filaments, even if not on the third, and since these filaments are not myosin regulated except for a modulating effect of light chain phosphorylation after the muscle has been activated through the actin filaments, one might question whether the presence of the Class I structure in invertebrate filaments is really uniquely associated with myosin-linked regulation as has been suggested (Alamo et al. 2008 ). However, there may be a spectrum of Class I structures ranging from those associated with strong myosin-linked regulation (the invertebrates) to a slightly modified structure in vertebrates which still maintains some rudimentary modulatory myosin-linked regulation through phosphorylation of the light chain.
Conclusions: are we learning from past mistakes?
In summary, all known myosin filaments now appear to have basically the same 2D arrangement of myosin head pair lattice sites on their surface helical nets (Fig. 5) . Even the filaments of vertebrate striated muscles seem to conform as well since the perturbation seems to be caused by the presence of extra proteins such as C-protein. Bipolar filaments can come in a variety of rotational symmetries varying from 3-fold up to 7-fold so far, but the head pairs on all crowns usually seem to be coupled in the Class I way discovered by Wendt et al. (2001) for vertebrate smooth muscle. The exceptions are insect flight muscle where there appears to be Class II coupling and vertebrate striated muscle where the Wendt et al. structure may occur on two crowns but not the third. Of particular note is that the Class III coupling favoured for many years for a number of invertebrate myosin filaments does not appear to occur at all. This was presumably a result of the limited resolution (5-7 nm) of the early helical reconstructions from negatively-stained filaments. The higher resolutions (∼2.5 nm) achieved by application of single particle analysis to frozen-hydrated specimens have now clarified this issue and shown that Class III interactions appear not to occur in any of the filaments studied so far.
The next major challenge in understanding myosin filament structure is to know how the myosin rods are packed in the filament backbone to produce the surface lattices seen in Fig. 5 . Squire (1973 Squire ( , 1986a proposed a kind of molecular crystal scheme and he and others have considered the presence of sub-filaments (Wray 1979b; Squire 1986a ). This has been tested to 0.5-nm resolution by modelling high-angle X-ray diffraction data from vertebrate muscle (Chew and Squire 1995) , where the molecular crystal was the preferred structure. However, Woodhead et al. (2005) and Zhao et al. (2009) favour subfilaments for the tarantula and Limulus thick filament backbones. From X-ray fibre diffraction, it is known that myosin rods are only about 2 nm apart in the filament backbone (see Chew and Squire 1995) . So, even though the use of frozenhydrated specimens has pushed myosin filament reconstructions to about 2.5-nm resolution, this is right on the edge of the available resolution needed to separate myosin rods. The question of the nature of the myosin packing in the filament core remains open, but we should perhaps learn from the mistake of erroneously assigning Class III interactions to most invertebrate myosin filaments, when they are in fact Class I, that one can be misled by interpretations that look obvious but which are really beyond the resolution of the available 3D maps. Nevertheless, great progress is being made and further even higher resolution single particle 'cryo' studies or Angstrom resolution high-angle X-ray diffraction modelling should provide the necessary answers. Only then will the true significance of the mutations involved in various cardiomyopathies become apparent (Flashman et al. 2004; Zoghbi et al. 2008; Kensler and Harris 2008) .
